The metallographic factor controlling the strength of friction-bonded interface of low carbon steel (approximately 0.10 mass%C) to aluminum-magnesium (Al-Mg) alloy (equivalent to AA5083) has been investigated by TEM observations. The bond strength, estimated from the tensile strength of a specimen with a circumferential notch at the interface, rose rapidly with an increase in friction time, and then reduced. A maximum strength of 306 MPa was obtained at a friction time of 2 s (rotation speed = 20 s À1 , friction pressure = 40 MPa, and forge pressure = 230 MPa). At a friction time of 1 s, an IMC layer about 100 nm wide that consisted of (Fe,Mn)Al 6 and Mg 2 Si was formed at the interface, and an Al-oxide layer of a width less than 10 nm was observed between this IMC layer and low carbon steel substrate. In a joint showing the highest bond strength (friction time = 2 s), no Al-oxide layer could be detected between the low carbon steel substrate and IMC layer which consisted of (Fe,Mn)Al 6 , Fe 4 Al 13 , Fe 2 Al 5 , and Mg 2 Si. The width of the interfacial layer was increased to about 300 nm. At a friction time of 4 s, a layer of MgAl 2 O 4 was observed in addition to intermetallic compounds of (Fe,Mn)Al 6 , Fe 4 Al 13 , Fe 2 Al 5 and Mg 2 Si. The width of this layer was about 700 nm. Thus the phases formed in the interfacial layer as well as its width were altered depending on the friction time. The change in the bond strength with friction time was discussed in view of these differences in the interfacial microstructure.
Introduction
It has been generally accepted that the intermetallic compound (IMC) layer is formed as a reaction product during joining of Al alloy to steel, and in many cases has serious influences on the mechanical properties of the joint obtained. In particular, the conventional fusion welding process is inevitably accompanied by the formation of abundant IMC layers in the fusion zone, and so has been considered to be unsuitable for Al alloy/steel joint. In contrast, friction bonding, a kind of solid-state bonding, has been said to be able to control the formation of the IMC at the joint interface by selecting suitable bonding parameters. [1] [2] [3] [4] [5] [6] It has been reported by several authors, however, that Mg in Al alloy promotes the formation of the IMC layer, and significantly deceases the strength of friction-bonded joint of Al alloy to low carbon steel. 7, 8) Only limited information, to our knowledge, has been reported regarding the microstructure in the interfacial region of the friction-bonded joint of Al alloy to steel, and hence the effect of Mg addition on the microstructure remains unclear. Magnesium is a very important element added to a variety of industrial Al alloys. Therefore, we aimed this investigation at revealing the interfacial microstructure in nano-scale to obtain a deeper insight into the controlling factors of the friction-bonded joint of steel to Al alloy containing Mg. For this, the interfacial microstructure and bond strength have been systematically investigated for Al-Mg alloy/steel joint friction-bonded at various friction times, a bonding parameter which was thought to have strong influences on the formation and growth of IMC.
Experimental Procedure
Round bars of low carbon steel and Al-Mg alloy (equivalent to AA5083) were employed for the specimen to be bonded. Their chemical compositions are shown in Tables 1 and 2 . The specimen to be bonded was a round bar of 25 mm diameter with a protrusion of 25 mm length and 16 mm diameter (Fig. 1) . The end face of the protrusion was the faying surface, which was finished by machining with a lathe to 1.6 mmRa. The friction bonding was carried out with a direct drive machine by pressing an unrotated Al-Mg alloy specimen against a rotated low carbon steel specimen. Bonding parameters employed are shown in Table 3 . The bond strength of the joint interfaces was estimated from tensile strength of a specimen with a circumferential notch at the interface as shown in Fig. 2 . The tensile test was carried Table 1 Chemical composition of low carbon steel (in mass%). out at room temperature. The microstructure of the bond interface was investigated mainly by TEM observations. Specimens for TEM observation were cut with a focused ion beam system from a position at a distance of 5 mm away from the center axis of the joint. This position was selected because SEM observations suggested the predominant interfacial layer and fracture morphology after the tensile test were those observed at this position.
Experimental Results and Discussion
Results from the tensile test are shown in Fig. 3 , with each value being an average of two joints. All the tested specimens were fractured near the joint interface. Fractured surfaces were quite flat and consisted mainly of featureless and brittle areas. The joint strength rose with an increase in friction time, and then decreased passing through a maximum value of 306 MPa at friction time of 2 s.
In Fig. 4 are shown the axial distributions of hardness across the joint. For all the joints, a decrease in hardness probably due to the effect of thermal cycle during the bonding was observed in the Al-Mg alloy adjacent to the bond interface. The hardness distribution in this area was almost independent of bonding parameters, although the bond strength changed greatly. This suggests that the decrease in the hardness of the Al-Mg alloy adjacent to the interface was not responsible for the lower strength of the joint than the base metal.
Therefore, closer observations of the interfacial regions by TEM have been carried out. As is shown in Fig. 5 , an interfacial layer about 100 nm wide was observed, when the friction time was 1 s. The grains indicated by arrows 'a' and 'b' in Fig. 5 were identified as (Fe,Mn)Al 6 and Mg 2 Si on the basis of SAD patterns and EDS analyses. Between the low carbon steel substrate and layer of the intermetallic compounds, a layer of a width less than 10 nm (indicated by arrow 'c') was detected which can be regarded as an Al-oxide layer from EDX analyses (see Fig. 6 ). When the friction time was increased to 2 s, the highest bond strength was obtained, and an interfacial layer about 300 nm wide was observed as shown in Fig. 7 Fig. 3 ), and an interfacial layer about 700 nm wide was observed as shown in Fig. 8 . Phases involved in this layer were identified as (Fe,Mn)Al 6 , Fe 4 Al 13 , Fe 2 Al 5 , and Mg 2 Si (grains 'a', 'b', 'c' and 'd' in Fig. 8 ). In addition to these intermetallic compounds, an oxide layer that was identified as MgAl 2 O 4 ( Fig. 9) was also observed. Thus the phase involved in the interfacial layer was altered with the friction time. It is conceivable that this difference in the phases involved in the interfacial layer influences significantly the mechanical properties of the joint. The width of the IMC layer increased, as the friction time was increased up to 3 s as shown in Fig. 10 , and then was almost saturated with a further increase in friction time. It is generally accepted that the effect of a brittle intermetallic compound layer on the mechanical properties of the joint becomes more serious, as its width is increased. 6) At a friction time of 1 s, the joint strength was lower than that bonded at t 1 ¼ 2 s, although the layer of intermetallic compounds was narrower. Therefore the difference in the joint strength between friction times of 1 s and 2 s can not be explained by the difference in the width of the IMC layer. It seems likely that the Al-oxide layer observed between the low carbon steel and layer of intermetallic compounds is a major cause for the lower joint strength at a friction time of 1 s. Probably this Aloxide layer originated from the superficial oxide film of the Al-Mg alloy specimen and/or formed through the reaction of aluminum with the superficial oxide of the steel specimen during the bonding. This Al-oxide layer can be considered to be removed by the plastic flow of the materials during the friction stage, since it could not be detected at friction times of 2 s or more. At a friction time of 4 s, the width of the interfacial layer was much wider than that observed at t 1 ¼ 2 s. This suggests that the increase in the width of the interfacial layer consisting mainly of intermetallic compounds contributes to the decrease in the joint strength. In addition, the formation of the MgAl 2 O 4 layer can also be considered to be a cause for the decrease in the joint strength, since increase in the friction time from 3 s to 4 s reduced the joint strength without observable growth of the IMC layer. Thus, the alteration of the phases involved in the interfacial layer as well as its width should be taken into account to explain the effect of bonding parameters on the strength of the friction-bonded interface of Al-Mg alloy to steel.
